Abstract
Introduction
The goal of weaning from mechanical ventilation is to withdraw the respiratory support and ultimately a successful removal of the endotracheal tube. Weaning should be considered at the earliest possible time because undue prolongation of mechanical ventilation is directly associated with complications, including ventilator-associated pneumonia, airway trauma, increased ICU length of stay, cost and mortality 1 . A focused, simple daily screening has been recommended as a diagnostic test to determine the likelihood of successful extubation in patients who fulfil the weaning readiness criteria. For this purpose, two strategies of spontaneous breathing trial (SBT) have been recommended as equally effective techniques. The first one comprise the use of spontaneous breathing via a T-piece circuit, and the second one the use of a low-level pressure support ventilation (PSV) as a weaning mode 1, 2 . Unless simple according to the new classification 1 , weaning is timeconsuming, comprising nearly 40% of the duration of mechanical ventilation 3 . Although the majority of mechanically ventilated patients finally can be successfully weaned, weaning attempts present a high rate of failure estimated to be 26%-42% and even higher (upto 60%) in patients with limited respiratory reserve such as those with chronic respiratory disorders 4 . Increasing attention has been given to the consequences of the transition from mechanical ventilation to spontaneous breathing. This is a complex and multifactorial process involving diverse pathophysiology mechanisms; the most common include an excessive load to the respiratory and cardiovascular systems, metabolic/ endocrine disorders as well as neuromuscular and neuropsychological causes 1, 2 . Previous studies have focused on the respiratory and cardiovascular difficulties the patients face during the weaning process; weaning from mechanical ventilation has been described as performing a sudden exercise and it has been compared to a cardiopulmonary exercise stress test 5, 6 . As such, weaning involves changes and interactions in different organ systems. More specifically, unsuccessful weaning attempts, even transient, represent an acute stressful situation that can trigger a cascade of stress hormones. Potential consequences of this stress may have implications for the patients, including the safety of the SBT, and influence the weaning and the ICU outcome.
The effect of weaning from mechanical ventilation on stress response has received little attention in critical care. Extrapolating from the evidence in exercise and sports physiology, as well as from resistive breathing effects on endocrinic and 
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The authors have referenced some of their own studies in this review. These referenced studies have been conducted in accordance with the Declaration of Helsinki (1964) and the protocols of these studies have been approved by the relevant ethics committees related to the institution in which they were performed. All human subjects, in these referenced studies, gave informed consent to participate in these studies.
Stress response to exercise
Whole body exercise represents a physical stress and, if intense enough, induces an immune response in healthy subjects mediated by metabolic, endocrine and immunological factors 7 . The magnitude of this response depends on many factors including type, duration and intensity of exercise 8 . More specifically, as a response to an acute stress, the hypothalamic-pituitary-adrenal (HPA) system is activated, which in turn, triggers the production and release of steroid hormones including cortisole, which is the primary mediator of the stress system, release of catecholamines, which are neuroendocrinic hormones, particularly epinephrine and norepinephrine and b-endorphin and growth hormones. Furthermore, exercise stress and the resultant catecholamine release stimulate cytokine production, mainly IL-6, at an extent that is correlated with catecholamine levels, leading to poststrenuous exercise immune function depression [9] [10] [11] . Therefore, exercise stress response is considered as an important factor in the modulation of immune function. Moreover, data from patients with chronic obstructive pulmonary disease (COPD) show that physical exercise induces a systemic inflammatory and oxidative response 12 . Notably, compared with healthy subjects, COPD patients presented a marked accentuation of exercise-induced increase in the IL-6 level 13 .
Stress response to resistive breathing
Resistive breathing refers to breathing through an increased resistance added to respiration 14, 15 . Similarly to the above-mentioned hormonal and inflammatory response to intense physical exercise [9] [10] [11] , recent experimental and human studies indicate that strenuous resistive breathing, as a form of respiratory muscles exercise, induces proinflammatory cytokines and stimulates the HPA axis in healthy humans [14] [15] [16] . Shortly, a significant increase in the plasma levels of IL-6, IL-1b, ACTH and b-endorphin was observed in healthy volunteers after strenuous breathing with an additional inspiratory load at 75% of their maximum inspiratory pressure for 45 min. Particularly, IL-6 was found to be responsible for the activation of the HPA system, leading to the increase in plasma b-endorphin and ACTH 15, 16 . The possible participation of cytokines in the mechanisms of respiratory muscle fatigue and in the ventilatory control has been suggested. To note, as in moderate whole body exercise, the moderate inspiratory resistive breathing does not lead to such a response, indicating that the phenomenon is restricted to intense conditions.
The origin of plasma cytokines increase during resistive breathing is questionable. Although circulating monocytes are a major source of immune-inflammatory mediators, strenuous resistive breathinginduced plasma cytokines in healthy humans do not originate from circulating monocytes 16 . As shown experimentally, resistive breathing induces cytokines within the diaphragm. IL-6 and, to a lesser extent, IL-1b, TNF-a, IL-10, IFN-g and IL-4, were significantly increased in the diaphragm of animals subjected to inspiratory resistive loading in a time-dependent manner 17 .
Stress response to weaning from mechanical ventilation
Stress hormones A usual SBT trial is a short testing period, lasting either 30 or 120 min 1, 2 . The stress of spontaneous breathing with an increase in catecholamine release had been initially assumed by Annat and colleagues in an earlier study performed in patients with cardiopulmonary diseases, mainly COPD, who increased their oxygen cost of breathing when changed from controlled mechanical ventilation to spontaneous breathing with continuous positive airway pressure (CPAP) 18 . This assumption was based on the enhanced systolic blood pressure usually observed when changing from CMV to spontaneous breathing.
The sympathoadrenal response during weaning from mechanical ventilation has been first demonstrated by Kennendy et al.
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. A significant increase of urinary norepinephrine excretion was shown in weaning success and weaning failure patients, suggesting sympathoadrenal stimulation. However, the amounts of norepinephrine and epinephrine excretion were smaller in weaning failure compared with weaning success, attributable by the authors to an inadequate stimulus or response of the sympathoadrenal system in the former group.
Catecholamines, having a short half life of only a few minutes when circulating in the blood, provide an immediate measure of stress. Increased sympathetic activity reflected by tachycardia, increased arterial blood pressure and augmented blood levels of epineph-rine and norepinephrine has been documented in mechanically ventilated COPD patients at 10 min after the start of a failed SBT, by Lemaire and colleagues in their landmark study on the haemodynamic effects of weaning 20 . The mean plasma norepinephrine levels significantly increased from 1.13 ± 0.55 ng/ml on CMV to 1.85 ± 0.96 ng/ml during spontaneous breathing, and epinephrine levels significantly increased from 0.10 ± 0.05 to 0.20 ± 0.13 ng/ml, respectively. Similarly, in another study by Oh and coworkers 21 , increases in plasma catecholamine levels during weaning trials were found. Mean plasma epinephrine levels significantly increased from 136 pg/ml on CMV to 508 pg/ml during weaning, and norepinephrine levels increased from 483 to 1143 pg/ml, respectively. The greater increases occurred in patients failing to wean. It is necessary to note that normal plasma concentrations of epinephrine and norepinephrine range, respectively, from about 30 to 200 pg/ml at rest and increase when metabolic rate increases. This stress hormone secretion was thought to contribute to the increase of oxygen consumption the patients had during weaning. The results of the above studies support the hypothesis that, during weaning metabolic stress from a combination of increased respiratory work and sympathetic activation leads to increased oxygen demand. This may have detrimental effects, through tachycardia and increased heart afterload and preload, on myocardial oxygen demand, that may promote myocardial ischaemia, resulting in more anxiety and dyspnoea, thus leading to weaning failure if cardiorespiratory reserve is insufficient.
Endocrine stress response during weaning was investigated by Koksal et al. 22 . They demonstrated changes in blood concentrations of insulin, cortisol and glycose, and in urine vanilmandelic acid during weaning from mechanical ventilation using three different modes, i.e. PSV, CPAP and T-piece. They found that weaning increases the endocrine stress response and that the magnitude of increase was influenced by the mode used, being significantly greater at the end of a SBT using a T-piece than using either PSV or CPAP modes. Such an increase in endocrine stress response has not been confirmed by other authors. Calzia et al. 23 compared the effects of weaning, using synchronised intermitted mandatory ventilation, on the stress hormone response, oxygen uptake and work of breathing in 10 patients after uncomplicated cardiac surgery. Although plasma concentrations of epinephrine, norepinephrine, ACTH, cortisole, vasopressin and prolactin were greater than normal during the weaning process, they did not change significantly at the end of weaning compared with baseline values. Obviously, the absence of a pre-existing pulmonary or other disease in these patients and the uncomplicated surgery made the weaning successful and "simple", according to the current classification 1 . Quinn et al. 24 also reported changes in stress hormone concentrations on different modes of ventilation.
Mechanically ventilated preterm babies with respiratory distress syndrome significantly reduced adrenaline concentration when changed from conventional mandatory ventilation, which did not take into account of the baby's efforts leading to asynchrony, to patient triggering ventilation which provides synchrony between the baby and the ventilation. The reduction in adrenaline concentration was thought to reflect a genuine reduction in stress. Nevertheless, all the above studies have been performed in a small patient population and their results are not absolutely dependable; more rigorous research data are not available as yet.
Emotional distress during weaning
Patients with total or partial dependence from a ventilator are at risk for emotional distress and mental discomfort, especially in prolonged ventilatory support 25, 26 . The transfer from mechanical ventilation to spontaneous breathing also has an emotive component. The withdrawal of ventilator support, the lowering or interruption of sedation and the resultant arousal required for the weaning process can lead to the patients' agitation and/or delirium, sometimes enhanced by benzodiazepine and/or opioid withdrawal syndrome. The inability to talk because of the presence of an endotracheal tube, along with total or partial dependence on the ventilator, makes it difficult for patients to communicate their needs. Additionally, psychological disturbances increase due to fear of death and abandonment by staff. Thus, beyond the respiratory distress experienced by some patients, weaning can induce agitation and diffuse anxiety, potentially contributing to weaning difficulty. Indeed, agitation and anxiety are included among the weaning failure criteria 1 indicating that the patient is not ready to be discontinued from mechanical ventilator support. To date, however, only a limited number of studies have investigated this issue. Jubran and colleagues described depressive disorders in 42% of patients who were being weaned from prolonged ventilation 26 .
Importantly, the patients with depressive disorders were more likely to experience weaning failure and death. On the other hand, the beneficial effects of alpha-2 adrenergic agonists, such as clonidine 27 or dexmedetomidine 28 , as well as of loxapine 29 on resolution of agitation during weaning from mechanical ventilation of patients who failed conventional therapy, provide an indirect evidence of the neurological and emotional stress the patients face during this critical period.
A growing body of research indicates that exposure to psychological stress activates multiple biological systems, including the HPA axis, which as mentioned above, regulates the inflammatory response. A transient rise in peripheral cytokines in healthy adult humans after acute psychological stress has been shown 30, 31 . Also, recent data are indicative of anxiety-specific effects on inflammatory activity. Clinically anxious individuals had higher levels of the pro-inflammatory cytokine IL-6 and lower levels of the stress hormone cortisol, compared with non-anxious individuals, whereas both groups had equivalent levels of the systemic inflammatory marker C-reactive protein (CRP) 32 .
Inflammatory indices during weaning
Sometimes, the process of weaning may impose high inspiratory load on the respiratory muscles, either from a small artificial airway size, accumulation of secretions or bronchoconstriction during an SBT or from increased respiratory resistance after extubation because of mucosal swelling and oedema that develops in the upper airways or increased airway secretions and sputum retention, resulting in postextubation distress. Therefore, an SBT could be considered a stress phenomenon, similar to resistive breathing. Therefore, just like in previous experiments in humans mentioned above [14] [15] [16] [17] , proinflammatory cytokine production could be expected during SBT contributing to the development of stress response.
Indeed, there is recent evidence for weaning-induced cytokine release. Sellares et al. 33 have examined the levels of IL-6, other cytokines (tumour necrosis factor-a, IL-1b, IL-8, 1L-10) and CRP before and at the end of an SBT, conducted on T-piece, in 49 mechanically ventilated patients. They found an increase in IL-6, which is a major modulator of stress response, in SBT failure. Importantly, when the patients were divided into COPD and non-COPD subgroups, only the subset of patients with COPD increased IL-6 during the SBT, possibly indicating the increased cardiopulmonary stress these patients face during the SBT. No changes were observed in the other inflammatory mediators assessed.
The mechanism of IL-6 induction remains unknown. Given the complex physiologic nature of weaning failure, it is not clear whether the increase in IL-6 was triggered by a hard working cardiorespiratory system and the resultant dyspnoea or by non-respiratory factors such as pain, anxiety and other psychological such factors, although one could speculate that all these determinants contribute to the IL-6 increase. Increase in blood levels of inflammatory markers during failed weaning attempts has not been reported elsewhere, so these findings should be confirmed in future studies. Nevertheless, the existing data indicate that a failed SBT might cause systemic adverse reactions by inducing release of mediators into the circulation.
Conclusion
In summary, there is available evidence that the process of weaning from mechanical ventilation incorporates hormonal, inflammatory and neuroendocrine responses, indicating that weaning might prove physically and psychologically stressful. Future research should elucidate the mechanisms of such responses and evaluate the role of diverse indices as surrogate biomarkers indicating potential patient discomfort during the weaning process, especially during failing weaning attempts.
